In this work, the molecular structure, infrared spectrum and UV photochemistry of 2-methyl-2H-tetrazol-5-amine (2MTA) isolated in solid argon (10 K) were investigated. The experimental studies were supported by extensive DFT(B3LYP)/6-311++G(d,p) calculations. The infrared spectrum of matrix-isolated 2MTA was fully assigned and correlated with structural properties. Taking into consideration the observed frequency of the NH 2 wagging mode, it is suggested that, in the matrixes, the amine group becomes slightly more planar than in the gas phase, due to matrix-packing effects. In situ UV irradiation (λ > 235 nm) of the matrixisolated 2MTA monomer is shown to induce three main primary photochemical processes: (1) tautomerization to mesoionic 3-methyl-1H-tetrazol-3-ium-5-aminide; (2) nitrogen elimination, with production of 1-methyl-1H-diazirene-3-amine; (3) ring cleavage leading to production of methyl azide and cyanamide. Following the primary photoproducts, secondary reactions were observed, leading to spectroscopic observation of methylenimine and isocyanidric acid.
Introduction
Tetrazole (CN 4 H 2 ) and its derivatives have been paid much attention due to their practical applications. The tetrazolic acid fragment, -CN 4 H, has similar acidity and volume to the carboxylic acid group, -CO 2 H, but is metabolically more stable. 1 Hence, replacement of -CO 2 H groups by -CN 4 H groups in biologically active molecules is actually a research area of major interest. 2 Indeed, the number of patent claims and publications related with medicinal uses of tetrazoles continues to grow rapidly and cover a wide range of applications: tetrazoles were found to exhibit antihypertensive, antiallergic, and antibiotic activity, [3] [4] [5] and they are currently used, for example, as anticonvulsants 6 and in cancer and AIDS treatments. 7, 8 Besides, tetrazoles also receive application in agriculture, as plant growth regulators, herbicides and fungicides, 9 as stabilizers in photography and photoimaging 10 and as gasgenerating agents for airbags. 11 From a more fundamental point of view, tetrazoles are also particularly interesting molecules, because they have been shown to exhibit tautomerism [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] and a very rich photochemistry. [24] [25] [26] [27] The parent compound of the tetrazole series, unsubstituted tetrazole, CN 4 H 2 , exhibits tautomerism. In the crystalline phases, tetrazole was found to exist exclusively as its 1H-tautomer. [19] [20] [21] On the other hand, in solution, 1H-and 2H-tautomers coexist, the population of the most polar 1H-form increasing with the polarity of the solvent, 22, 23 whereas in the gaseous phase the 2H-tautomer constitutes ca. 90% of the total population at 90°C. 15 In the case of substituted tetrazoles, tautomerism may also involve the substituent groups. For example, for the compound studied in this work, 2-methyl-2H-tetrazol-5-amine (2MTA), amino/imino tautomerism can, in principle, occur (see Figure 1 ).
The photochemistry of tetrazole has been addressed in detail by Maier et al. 26 Upon UV irradiation of matrix-isolated tetrazole, the main observed primary photoprocess was ring cleavage, leading to nitrogen elimination and production of nitrilimine, which then undergoes secondary photoreactions, such as isomerization to carbodiimide, cyanamide or a hydrogen cyanide/nitrene complex. 26 Some substituted tetrazoles have also been studied regarding their photochemical fragmentation reactions. For these compounds, the nature of the substituents present in the tetrazole ring was found to strongly determine the final photoproducts. 24, 25, 27 However, in general, as for unsubstituted tetrazole, the main reaction paths for their photochemical fragmentation have been found to result in nitrogen elimination or ring-cleavage (reverse [2+3] cycloaddition) leading to production of azides. [24] [25] [26] [27] When the substituent at the tetrazole ring carbon (at the 5 position) is an amino or imino group, photolysis can result in production of small C, N, and H containing molecules of important astrophysical and/or industrial interest (e.g., CN 2 H 2 , CN 3 H or CNH 3 isomers). 2-Methyl-2H-tetrazol-5-amine (2MTA; see Figure 1 ) is one of the simplest molecules with these characteristics and was selected in the present work as a prototype species for studying the photochemistry as well as the structural (including tautomerism) and vibrational properties of this kind of molecules and their photoproducts. As the main experimental method, infrared spectroscopy, together with the technique of isolation of the compound in a low temperature inert matrix, was selected. The studied guest molecules do not rotate when they are embedded into a solid matrix host at low temperature (typically 10 K). Additionally, when the matrix environment is inert (typically argon), the effects of inhomogeneous broadening of the vibrational bands are minimized. As a result, the vibrational bands in the spectra of matrix isolated compounds become very sharp and narrow. Thus the main advantage of the matrix-isolation approach is the possibility to attain a considerably high spectroscopic resolution, which improves the probability to detect chemical species produced in low amounts during photolysis or those with intrinsically lowintensity IR absorptions. Further, due to the high resolution of the method, it is possible to distinguish spectral signatures of different tautomers or conformers, which are usually closely located in the spectrum (within a few wavenumbers). Next advantage, low temperature conditions can be used for trapping and spectroscopic identification of, at least, some of the intermediate transient products, which otherwise (e.g., at room temperature) are very reactive. Moreover, the fact that in a matrix the reactions are cage-confined (molecular diffusion is inhibited) introduces a useful simplification to the photochemistry, which under other experimental conditions might also involve a multitude of undesirable secondary processes. Finally, due to the high resolution of the method, it becomes possible to compare directly the experimental spectra with the results of theoretical calculations. In the present work, the interpretation of the experimental results was assisted by extensive high-level theoretical calculations.
Materials and Methods
Synthesis of 2MTA. A solution of sodium hydroxide (20%) was added dropwise to a suspension of tetrazol-5-amino monohydrate (10.3 g; 0.1 mol) in water (30 mL), with a drop of phenolphthalein. The mixture was stirred until complete dissolution of the suspended material. Dimethyl sulfate (20 mL; 0.11 mol) was then added in small portions, keeping an alkaline medium through addition of aqueous sodium hydroxide. The final mixture was refluxed for 1 h, then cooled, and filtered and the filtrate evaporated under reduced pressure to afford a solid residue. Water (50 mL) was added, and the mixture was then extracted with diethyl ether (3 × 50 mL). The organic extract was dried over anhydrous sodium sulfate and filtered and the filtrate evaporated to afford a light yellow oil that slowly crystallized. Recrystallization from diethyl ether gave the desired compound as colorless needles (25% yield; mp 376-377 K). 1 Infrared Spectroscopy. The IR spectra were obtained using a Mattson (Infinity 60AR Series) Fourier Transform infrared spectrometer, equipped with a deuterated triglycine sulfate (DTGS) detector and a Ge/KBr beam splitter, with 0.5 cm -1 resolution. Necessary modifications of the sample compartment of the spectrometer were done to accommodate the cryostat head and allow purging of the instrument by a stream of dry nitrogen to remove water vapors and CO 2 . A solid sample of 2MTA was placed in a specially designed doubly termostattable Knudsen cell. 28 Both the sample container and valve nozzle compartments of this cell were kept at 90°C during deposition. Matrixes were prepared by co-deposition of 2MTA vapors coming out of the Knudsen cell together with large excess of the matrix gas (argon N60, obtained from Air Liquide) onto the CsI substrate of the cryostat cooled to 10 K. Care was taken to keep the guest-to-host ratio in matrixes low enough to avoid association. All experiments were performed using an APD Cryogenics close-cycle helium refrigeration system with a DE-202A expander.
Irradiation of the samples was carried out with a 150 W xenon arc lamp (Osram XBO 150W/CR OFR). No changes in the spectrum of the matrix-isolated 2MTA were observed during irradiation through a cutoff filter transmitting light above 337 nm. However, irradiation of the matrixes through the outer KBr window of the cryostat (λ > 235 nm) resulted in a series of photochemical transformations, as will be described below.
Computational Methodology. The quantum chemical calculations for 2MTA were performed with Gaussian 98 program package 29 at the DFT level of theory, using the 6-311++G-(d,p) basis set and the three-parameter density functional abbreviated as B3LYP, which includes Becke's gradient exchange correction 30 and the Lee, Yang, Parr correlation functional. 31 The calculations on the possible photoproducts were carried out at the same level of theory.
Geometrical parameters of the considered conformations were optimized using the Geometry Direct Inversion of the Invariant Subspace (GDIIS) method. 32 To assist the analysis of the experimental spectra, vibrational frequencies and IR intensities were also calculated with the same basis set. The computed Figure 1 . Calculated structures of 2-methyl-2H-tetrazol-5-amine (2MTA; with atom numbering) and of its imine (aminide) tautomers, 3-methyl-1H-tetrazol-3-ium-5-aminide, 2-methyl-1,2-dihydro-5H-tetrazol-5-imine, and 2-methyl-3H-tetrazol-2-ium-5-aminide. In the case of the aminide tautomers, the placements of the charges on atoms correspond to one of the possible canonic forms for the mesoionic structures, which was also used to name the compound. harmonic frequencies were scaled down by a single factor (0.978) to correct them for the effects of basis set limitations, neglected part of electron correlation and anharmonicity effects. Normal coordinate analysis was undertaken in the internal coordinates space, as described by Schachtschneider, 33 using the program BALGA and the optimized geometries and harmonic force constants resulting from the DFT(B3LYP)/6-311++G(d,p) calculations.
Results and Discussion
2-Methyl-2H-tetrazol-5-amine (2MTA) can exhibit tautomerism associated with the amine substituent. Indeed, hydrogen shift from the amino group to three different positions of the tetrazole ring leads to three possible pairs of tautomers bearing an imine (or aminide) NH substituent at the position 5 (see Figure 1 ). Taking as reference the atom numbering of the tetrazole ring in 2MTA, the hydrogen involved in the tautomeric rearrangement can occupy the positions 1, 3, and 4 of the ring. In the first case tautomerism leads to the imine species, 2-methyl-1,2-dihydro-5H-tetrazol-5-imine, which can exist in two different conformations (A and B, in Figure 1 ), depending on the orientation of the imino hydrogen atom relative to the tetrazole ring. The remaining two cases lead to mesoionic-type structures, 2-methyl-3H-tetrazol-2-ium-5-aminide and 3-methyl-1H-tetrazol-3-ium-5-aminide, respectively, that may also exist in two different stable conformations (see Figure 1 ). Accordingly to the calculations, all these tautomers of 2MTA have relative energies higher than 100 kJ mol -1 (Table 1) and are not expected to be significantly populated in the gaseous phase, within the temperature range employed in this study (<90°C).
It is interesting to note that the relative energies of the six imine (aminide) possible tautomers of 2MTA shown in Figure  1 seem to be essentially determined by the repulsions between the methyl or imine (aminide) hydrogen atoms and the hydrogen atom directly connected to the tetrazole ring. The two conformers of both aminide tautomers were found to be nearly planar. The close proximity of the methyl and tetrazole-ring hydrogen atoms in 2-methyl-3H-tetrazol-2-ium-5-aminide justifies the considerably higher energy of this tautomer. For this compound, the two conformers have very similar energies due to the close resemblance of the two structures regarding intramolecular interactions (see Figure 1 ). On the other hand, the two conformers of 3-methyl-1H-tetrazol-3-ium-5-aminide differ in energy by 17.2 kJ mol -1 , because in conformer A the repulsion between the aminide and tetrazole-ring hydrogen atoms is absent. The imine tautomer exhibits both NH and NCH 3 . For this tautomer, the relative energies of the two conformers were also found to be influenced by the presence (in the less stable conformer A) or absence (in the more stable conformer B) of the repulsion between the imine and tetrazole-ring hydrogen atoms.
2MTA itself was found to have a planar tetrazole ring, with both the methyl carbon and amine nitrogen atoms lying in the ring-plane and the amine group pyramidalized [the calculated H-N(-C)-H dihedral angle was predicted to be 135.9°]. One of the methyl hydrogens is also in the ring plane, with the C-H bond eclipsing the N2-N3 bond, whereas the two remaining methyl hydrogen atoms occupy nearly symmetric positions above and below the plane of tetrazole ring. The complete equilibrium geometry of 2MTA is given in the Supporting Information Table S1 .
IR Spectrum of the Matrix Isolated Compound (As Deposited Matrix). The IR spectrum of 2MTA isolated in solid argon is presented in Figure 2 , together with the B3LYP/6-311++G(d,p) calculated spectrum. Despite most of the bands in the experimental spectrum exhibit splitting due to matrix site effects, the agreement between the experimental and calculated spectra is very good, enabling us to fully assign the bands on the basis of the theoretical data. The assignments are provided in Table 2 [results of vibrational calculations for 2MTA and its 6 imine (amidine) tautomers, including the definition of the used internal coordinates, are provided as Supporting Information Tables S2-S10 ]. The following additional remarks shall be made:
(a) No evidence of presence in the matrix of any of the imine (aminide) tautomers of MTA was found.
(b) The experimental spectrum contains minor bands due to traces of monomeric water, present in the system, which could not be avoided. However, it is clear from the positions of these bands 34 (see also Table 2 ) that water molecules were well isolated and do not interfere with the molecules of the compound under study.
(c) Among all calculated (scaled) frequencies for the minimum energy conformation, the one showing the largest relative deviation relative to the experimental value corresponds to the out-of-plane γNH 2 mode, which is ca. 25% overestimated by the calculations. Besides, the intensity of this band is also considerably overestimated. We investigated the dependence of the predicted spectra with the deviation of the amine group from planarity [the H-N(-C)-H dihedral angle was varied from 180.0°(NH 2 group planar) to 100.0°]. Note that in this particular case the calculated spectra for conformations other than the equilibrium one can still be considered meaningful because the γNH 2 vibration associated with change in the H-N(-C)-H dihedral angle couples significantly only with the δNH 2 coordinate (see Table S3 ). For all nonequilibrium conformations, the forces coupling the out-of-plane γNH 2 with all other coordinates are negligible. Very interestingly, within the interval of variation considered, the spectrum practically did not change except in what concerns the frequency and IR intensity of the γNH 2 mode. Indeed, this vibration is strongly affected by the geometry of the amine group, both its frequency and intensity reducing in going from less planar to more planar geometries ( Figure 3 ). The calculated frequency matches the observed one for a H-N(-C)-H dihedral angle of 141.4°(5.5°more than the value corresponding to the calculated minimum energy conformation; note that for this geometry, the energy was found to be only 0.395 kJ mol -1 higher than that of the minimum energy conformation). For this dihedral angle, the ratio of the calculated IR intensities of the two most intense bands in the spectrum [I(δNH 2 )/I(γNH 2 )] is ∼2, close to the observed value of ca. 2.4, whereas the same ratio is calculated as nearly equal to unity for the minimum energy conformation. Hence, the data point to the occurrence of a change of geometry toward a more planar NH 2 group upon isolation of the molecule of 2MTA in the argon matrix. Stabilization of more planar structures in matrixes (when compared with gas phase) is a relatively frequent phenomenon; it was observed previously, for example, for cyanoacetic acid and methyl cyanoacetate 35, 36 and benzil. 37 
UV Irradiation Experiments (λ > 235 nm).
To study the photochemistry of the matrix-isolated 2MTA, in situ UVirradiation (λ > 235 nm) experiments were carried out. Upon irradiation, the bands due to 2MTA decrease in intensity, indicating that the compound is being transformed in other species, while new bands appear in the spectra. The changes are particularly noticeable in the 2300-1500 cm -1 spectral region, which is shown in Figure 4 .
The photochemically induced opening of the tetrazole ring has been found to be an easy process. [24] [25] [26] [27] [38] [39] [40] [41] [42] As mentioned in the Introduction, tetrazole itself easily eliminates molecular nitrogen, leading to production of nitrilimine, which then undergoes secondary photoreactions, such as isomerization to carbodiimide, cyanamide, or a hydrogen cyanide/nitrene complex. 26 In the case of 2MTA, the weakest bonds of the tetrazole ring are N1-N2, N2-N3, and N4-C5, which correspond to the formal single bonds and can then be expected to undergo easier photochemical cleavage. Simultaneous cleavage of the N1-N2 and N4-C5 bonds (in a [2+3] cycloelimination) would lead to production of methyl azide and cyanamide, whereas the analogous reaction involving breakage of the N2-N3 and N4-C5 bonds might produce either the cyclic diazirene (1-methyl-1H-diazirene-3-amine) or the open-ring nitrilimine (1-methyl-nitrilimine-3-amine), with simultaneous release of molecular nitrogen. Finally, the simultaneous cleavage of N1-N2 and N2-N3 bonds would produce methyl nitrene and triazet-4-amine.
The IR spectra of all the above-mentioned putative photoproducts were calculated and compared with the new bands observed in the spectra of the photolyzed matrix. Besides, available spectroscopic data for some of these species (methyl azide 43,44 and cyanamide 45 ), were also taken into consideration. It was clear from these data that both cyanamide and methyl azide are among the photoproducts: the observed feature around 2260 cm -1 corresponds to the characteristic νNCN antisymmetric stretching band originated in cyanamide, 45 whereas methyl azide gives rise to the feature observed around 2100 cm -1 (νNNN antisymmetric stretching 43, 44 ). Other bands due to these two molecules expected to lie in the studied spectral range could also be identified in the spectra of the irradiated samples (a total of 9/13 bands for methyl azide and 5/6 bands for cyanamide; see Table 3 ), unequivocally demonstrating that simultaneous cleavage of the N1-N2 and N4-C5 bonds in the tetrazole ring of 2MTA took place upon irradiation. On the other hand, the feature appearing around 1815 cm -1 fits nicely the predicted frequency for the νNCN antisymmetric stretching vibration in 1-methyl-1H-diazirene-3-amine (see Figure 4 and Table 3 ). Indeed, it was possible to identify in the spectra of Figure 2 . Infrared spectrum of 2MTA in argon matrix (as-deposited matrix) and DFT(B3LYP)/6-311+G(d,p) calculated infrared spectrum. In the experimental spectrum, the asterisks indicate bands due to traces of isolated monomeric water (see text). The calculated spectrum was simulated using Gaussian functions centered at the calculated frequency (scaled by 0.978) and with bandwidth-at-half-height equal to 5 cm -1 . the irradiated matrix 11 out of the 14 bands of this species expected to lie in the studied spectral range (see Table 3 ). Hence, nitrogen elimination through simultaneous cleavage of the N2-N3 and N4-C5 bonds did also occur, with production of the cyclic diazirine. No bands ascribable to the ring-open nitrilimine (CH 3 -NdN + dC --NH 2 ) were observed, nor those ascribable to the products of the simultaneous cleavage of N1-N2 and N2-N3 bonds (methyl nitrene and triazet-4-amine). This last result indicates that if simultaneous cleavage of N1-N2 and N2-N3 bonds occurs, the primary photoproducts must undergo fast subsequent reactions. In this case, the most probable final products would be methylenimine, resulting from rearrangement of methyl nitrene, and cyanamide + N 2 , resulting from opening of the four-membered ring of triazet-4-amine. We shall return to this point later on. Besides the above-mentioned primary photoproducts, generation of other species upon irradiation of the matrix could also be established from the analysis of the spectra of the photolyzed matrix. Two of these species are methyleninime and CNH. In the case of methylenimine, all but the νNH stretching vibration (predicted by the calculations as a very low intensity band -1.59 km mol -1 ) were identified (see Table 3 ). In the 2300-1500 cm -1 spectral region (see Figure 4 ) methylenimine gives rise to the band observed at 1649.5 cm -1 , ascribable to νCN. On the other hand, both the νNH and νCN bands of CNH were observed, the first at ca. 3580 cm -1 and the second around 2030 cm -1 (see Figure 4) . The origin of these two products can be easily explained: it is well-known that UV-induced decomposition of matrix isolated methyl azide gives rise to molecular nitrogen and methylenimine, through a concerted motion of N 2 elimination with hydrogen shift; 44, 46, 47 on the other hand, methylenimine can give CNH by 1,1-H 2 elimination, which was found to be a preferred route compared to 1,2-H 2 elimination giving HCN, 1,2-H shift yielding aminocarbene and N-H bond cleavage leading to the H 2 CN radical. 46 Another source of methylenimine (and, consequently, also of CNH) can be the photodecomposition of the primarily formed diazirine, which can undergo a ring-opening photoreaction leading to methylenimine and cyanamide, and the above-mentioned simultaneous cleavage of the N1-N2 and N2-N3 bonds of 2MTA. In these two cases, methyl nitrene shall act as intermediate. Note that the second putative primary photoproduct of simultaneous cleavage of the N1-N2 and N2-N3 bonds of 2MTA, triazet-4-amine, can be expected also to undergo subsequent photolysis, leading to elimination of molecular nitrogen and formation of cyanamide. Hence, the occurrence of this process cannot be stated without any doubt, because its expected final products can also be obtained through other reaction paths (which could be firmly established by identification of species that can only be produced in a unique way), and both putative primary photoproducts (methyl nitrene and triazet-4-amine) could not be identified spectroscopically.
Ring-opening processes involving breakage of only one single bond were also investigated. Among them, cleavage of the N2-N3 bond would lead to 1-diazo-1-[methyldiazenyl]methanamine (CH 3 -NdN-C(NH 2 )dN + dN -), which was predicted a Bands due to traces of isolated H2O monomer were also observed in the as-deposited matrix. The corresponding wavenumbers are also provided in this table. Key: ν, stretching; δ, bending; γ, rocking; ω, wagging; τ, torsion; s., symmetric; as., asymmetric. Proposed assignments for overtones and combination tones shall be considered as tentative. b Key: s, strong; m, medium; w, weak; vw, very weak; b, broad; sh, shoulder.
c See Table  S2 (Supporting Information) for definition of coordinates. Only PED values greater than 9.5% are given. to give rise to an intense band (νCdNdN antisymmetric stretching) at 2113 cm -1 (intensity: 535.6 km mol -1 ). This vibration could also contribute to the band experimentally observed at 2031 cm -1 , ascribed to CNH (Table 3) . Unfortunately, all other vibrations of the methanamine were predicted by the calculations as giving rise to weak infrared bands. Hence, the possibility of occurrence of this process cannot be ruled out nor confirmed.
An additional photoproduct could also be identified in the spectra of the irradiated matrix: conformer A of the 2MTA aminide tautomer, 3-methyl-1H-tetrazol-3-ium-5-aminide (see Figure 1 ), which can be obtained from 2MTA through 1,3-H shift. In the 2300-1500 cm -1 spectral region, this species gives rise to the band at 1664.1 cm -1 (see Figure 4) , but on the whole, 11 out of the 28 bands of this species expected to lie in the studied spectral range were identified (see Table  3 ). Note that, as already mentioned in this paper, this is the lowest energy imine/aminide tautomer of 2MTA and, besides, once formed it shall be comparatively less reactive to photolysis because N 2 elimination would also require an additional hydrogen atom migration. Furthermore, among the six possible imine/aminide tautomers, it is one of the two forms that can be directly produced from 2MTA as a result of an energetically accessible hydrogen shift. The other is conformer B of 2-methyl-1,2-dihydro-5H-tetrazol-5-imine, which was not identified as contributing to the spectra of the irradiated matrix (this form is less stable than the observed species by ca. 20 kJ mol -1 and has a nonplanar structure, then requiring a more important rearrangement of the matrix; see Figure 1 and Table 1 ). The 1,4-H shift appears as an improbable process for the matrix isolated molecule and, thus, both conformers of 3-methyl-1H-tetrazol-3-ium-5-aminide are not expectable products (these are also the less stable among the 6 imine/ aminide tautomers of 2MTA; see Table 1 ). On the other hand, both conformer B of 3-methyl-1H-tetrazol-3-ium-5-aminide and conformer A of 2-methyl-1,2-dihydro-5H-tetrazol-5-imine have the wrong geometry for 1,3-H shift, requiring either an additional 180 degrees rotation about the C-N(H) bond or lateral migration of the imine (aminide) hydrogen atom, and its production is not expected either to be a favored process in a matrix.
In summary, as depicted in Figure 5 , photolysis of matrixisolated 2MTA leads to (1) nitrogen elimination, with production of 1-methyl-1H-diazirene-3-amine; (2) ring cleavage leading to production of methyl azide and cyanamide; and (3) tautomerization to mesoionic 3-methyl-1H-tetrazol-3-ium-5-aminide in the A conformation. Following the primary photoproducts, secondary reactions were observed, leading to spectroscopic observation of methylenimine and isocyanidric acid. Photochemical ring-opening leading to methyl nitrene and triazet-4-amine as primary photoproducts cannot also be discarded, but no firm evidence of this process could be established.
Two additional points deserve here further comments. The first results from the fact that in a matrix reactions are cage confined. Hence, these processes lead, necessarily, to production of species that, once produced in the same matrix cage, shall interact with each other to some extent. In the present case, the precise nature of these interactions is not easily accessible, because up to four molecular species might coexist in the same cage (e.g., cyanamide + CNH + H 2 + N 2 ). However, their importance is clearly reflected in the fact that in many cases, the observed frequencies for the photoproducts do not exactly match the reference frequencies for the isolated monomeric species in the same experimental conditions (see Table 3 ). The second point relates with the kinetics of the different processes observed. It can easily be concluded, from Figure 6 , which shows the change in the integral intensities (normalized by the corresponding calculated intensities) of characteristic bands of the various observed photoproducts with time of irradiation, that different products are formed at different rates and in different amounts. Among the three primary photoprocesses, nitrogen elimination with formation of 1-methyl-1H-diazirene-3-amine is the fastest reaction. The 1-methyl-1H-diazirene-3-amine subsequent photodecomposition (to cyanamide and methylenimine) is also a comparatively fast process, because after 180 min of irradiation the change in the amount of 1-methyl-1H- 44, [47] [48] [49] Note that the photoproducts are generated in the same matrix cage are interacting to each other; this leads to small, but measurable, differences in the observed wavenumbers, compared with those for the monomeric noninteracting compounds isolated in solid argon, here given as reference values. For 3-methyl-1H-tetrazol-3-ium-5-aminide (A), the numbering of the atoms in the tetrazole ring follows that used for 2MTA; H (11) is the aminide hydrogen and H (12) is the tetrazole-ring hydrogen (see Table S4 , Supplementary Information, for definition of coordinates for this molecule).
diazirene-3-amine is already small (see also Figure 4 ). The ring cleavage leading to production of methyl azide and cyanamide is considerably slower than the previously considered reaction and, after 180 min of irradiation, the amount of methyl azide continues to grow almost linearly with time (Figures 4 and 6) . Finally, the slowest observed primary photoprocess corresponds to the tautomerization of 2MTA to mesoionic 3-methyl-1H-tetrazol-3-ium-5-aminide. The fact that this last process is the slowest one among all observed processes may also indicate that 3-methyl-1H-tetrazol-3-ium-5-aminide is also being photoisomerized back to 2MTA.
Conclusion
2-Methyl-2H-tetrazol-5-amine (2MTA) was found to have a planar tetrazole ring, with both the methyl carbon and amine nitrogen atoms lying in the ring-plane and the amine group pyramidalized [the calculated H-N(-C)-H dihedral angle was predicted to be 135.9°]. The infrared spectrum of matrix-isolated 2MTA was fully assigned and correlated with structural properties, indicating that, in the matrixes, the amine group becomes slightly more planar than in the gas phase, due to matrix-packing effects. In situ UV-irradiation (λ > 235 nm) of the matrix-isolated 2MTA monomer is shown to induce three main primary photochemical processes occurring at different rates: (1) tautomerization to mesoionic 3-methyl-1H-tetrazol-3-ium-5-aminide; (2) nitrogen elimination, with production of 1-methyl-1H-diazirene-3-amine; (3) ring cleavage leading to production of methyl azide and cyanamide. Following the primary photoproducts, secondary reactions were observed, leading to spectroscopic observation of methylenimine and isocyanidric acid. 
